A B S T R A C T
Background. Heparan sulphate proteoglycan (HSPG) is present in the glomerular basement membrane (GBM) and is thought to play a major role in the glomerular charge barrier. Reductions and structural alterations of HSPG are observed in different types of kidney diseases accompanied by proteinuria. However, their causal relations remain unknown. Methods. We generated podocyte-specific exostosin-like 3 gene (Extl3) knockout mice (Extl3KO) using a Cre-loxP recombination approach. A reduction of HSPG was expected in the GBM of these mice, because EXTL3 is involved in its synthesis. Mice were separated into three groups, according to the loads on the glomeruli: a high-protein diet group, a high-protein and highsodium diet group and a hyperglycaemic group induced by streptozotocin treatment in addition to maintenance on a highprotein and high-sodium diet. The urinary albumin:creatinine ratio was measured at 7, 11, 15 and 19 weeks of age. Renal histology was also investigated. Results. Podocyte-specific expression of Cre recombinase was detected by immunohistochemistry. Moreover, immunofluorescent staining demonstrated a significant reduction of HSPG in the GBM. Electron microscopy showed irregularities in the GBM and effacement of the foot processes in Extl3KO. The values of the urinary albumin:creatinine ratio were within the range of microalbuminuria in all groups and did not significantly differ between the control mice and Extl3KO. Conclusions. The reduction of HSPG in the GBM did not augment urinary albumin excretion. HSPG's anionic charge appears to contribute little to the glomerular charge barrier.
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I N T R O D U C T I O N
Heparan sulphate (HS) is a linear polysaccharide that consists of glucuronic acid or iduronic acid linked to N-acetylglucosamine (GlcNAc) [1] . In our body, HS is present on the cell surface and in the extracellular matrix as heparan sulphate proteoglycan (HSPG). HSPG is synthesized in the Golgi apparatus as a core protein and HS side chains [2] . Exostosinlike 3 (EXTL3) adds GlcNAc to the fixed tetrasaccharides on the core protein side. Exostosin-1 and -2 (EXT1, 2) assume the extension thereafter. The role of HSPG in the tissue is determined by modification of the chain (e.g. sulphation) [3, 4] . There are several subfamilies of HSPGs. Among them, agrin is the major HSPG in the glomerular basement membrane (GBM) [5] .
The glomerular capillary wall is formed by three layers: fenestrated endothelial cells, GBM and podocyte foot processes connected by the slit diaphragm [6] . These layers constitute the size-and charge-selective glomerular filtration barrier that restricts leakage of albumin from the capillary lumen. Since HSPG is negatively charged and is one of the main components of the GBM, it has been thought that it performs a key role in the charge barrier [7] . In different types of chronic kidney disease associated with proteinuria, reductions of HS in glomeruli have been detected [8, 9] . Increased expression of heparanase, the degradative enzyme of HS has also been reported [10, 11] . Moreover, deletion of the heparanase gene protected diabetic mice from nephropathy [12] . Additionally, the lack of HS side chains led to proteinuria in a knock-in mouse model [13] . However, whether there is a causal relationship between proteinuria and the alteration of HS remains unclear. There are several reports that dispute the involvement of HS in proteinuria [14] [15] [16] [17] .
Here we created podocyte-specific exostosin-like 3 gene (Extl3) knockout mice (Extl3KO) using a Cre-loxP recombination approach. In Extl3KO, a reduction of HS in the GBM was expected because the components of GBM are thought to be synthesized mainly in podocytes [18, 19] . In the present study we investigated whether urinary albumin excretion would be increased by different degrees of load on glomeruli in Extl3KO.
M A T E R I A L S A N D M E T H O D S

Animals
All protocols were approved by the Institutional Animal Committee at Tohoku University. Mice were housed under controlled conditions of temperature and light. Podocytespecific Extl3KO mice were generated by crossing mice expressing Cre recombinase under the control of the nephrin gene (Npsh1) promoter (Nphs1-Cre transgenic mice) with those carrying the Extl3 flx/flx sequence [20] [21] [22] . Extl3 flx/flx mice were backcrossed with C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) >10 times in advance. Since the expression of nephrin in kidney is restricted to podocytes [23] and the Nphs1-Cre mice are reported to induce loxP recombination completely in podocytes [21, 22] , Extl3 in the podocytes of the obtained Extl3 flx/flx /Cre þ mice was assumed to be specifically deleted. As the control, Extl3 flx/flx /Cre À mice were used. These mice were weaned at the age of 4 weeks. Thereafter, the highprotein (HP) group (n ¼ 8) was fed a HP and high-calorie diet (Labo H Standard; Nosan, Tokyo, Japan). The high-protein and sodium (HPS) group (n ¼ 7) and the diabetes mellitus (DM) group (n ¼ 9) were fed on prepared Labo H Standard containing 8% sodium chloride (NaCl). Measurements of their body weights and blood glucose levels were conducted once every 4 weeks after the mice reached 7 weeks of age. Spot urine samples were collected at the same time. Their blood pressures were measured six times on each point with a BP-98A (Softron, Tokyo, Japan). The data on the graph are averages. In the DM group, 35 mg/kg of streptozotocin (STZ) (S0130; SigmaAldrich, St. Louis, MO, USA) was intraperitoneally injected for 8 consecutive days starting from the first day after reaching the age of 7 weeks. In all STZ-injected mice, their blood glucose level was significantly elevated. Only male mice were used in the present study. 
Immunohistochemistry
Renal tissues from 16-week-old mice were fixed with 10% formaldehyde. Sections were cut into 1.5-lm slices and stained with anti-Cre recombinase antibody (1:100, #908001; BioLegend, San Diego, CA, USA). Unfixed renal tissues were used for the staining of HS. The tissues were embedded in optimum cutting temperature (O.C.T.) compound (Sakura Finetek, Tokyo, Japan) and stored at À20
C. Subsequently they were cut into 4-lm slices before use. Immunofluorescent staining was conducted with the vesicular stomatitis virus (VSV)-tagged single-chain antibody HS4C3 (1:10), which especially binds to the 3-O-sulfated domains of HS present in the GBM. To detect the VSV tag, monoclonal anti-VSV glycoprotein-Cy3 antibody was used (1:100, C7706; Sigma-Aldrich) [15, 24] .
Electron microscopy
Nephrectomy was conducted at 27 weeks of age. Renal tissues from control and Extl3KO mice were cut into 2-mm 2 pieces and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.2 M cacodylate buffer (pH 7.4) overnight followed by post-fixation in 1% osmium tetroxide in 0.08 M cacodylate buffer and 6% sucrose at 4 C for 2 h. Then the tissues were dehydrated in ethanol and propylene oxide and mounted in epoxy resin (EPON812, DDSA, MNA, DMP-30; TAAB Laboratories, Berks, UK). The sections were cut at 80 nm thickness with a Leica EM UC6 (Leica Microsystems, Bannockburn, IL, USA) and stained with uranyl acetate and lead citrate. For imaging, a JEM-1400 electron microscope was used (JEOL, Tokyo, Japan).
Microscopic measurement
For fluorescent immunostaining, specimens were digitally imaged with a BZ-9000 fluorescent microscope (KEYENCE, Osaka, Japan). The exposure time was set at 0.25 s. The glomeruli were captured and the average brightness was calculated. The effacement of podocyte foot processes was evaluated as the length of the effacement to capillaries in electron microscope images. The thickness of GBM was measured at points equally spaced at 2-lm intervals along the capillary. Four glomeruli and
eight capillaries per glomerulus were assessed using ImageJ 1.51a (National Institutes of Health, Bethesda, MD, USA) [25] . For the evaluation of glomerular hypertrophy, the lengths of the major axis of glomeruli were also determined with the BZ-9000. ImageJ 1.51a was used for measurement of the mesangial area. The value was divided by the area of the glomerulus for the adjustment. In each group, 10 glomeruli were analysed.
Urine analysis
The collection of spot urine was conducted with care so that faeces would not contaminate the samples. Urinary albumin was measured by enzyme-linked immunosorbent assay (ELISA) (Albuwell M; Exocell, Philadelphia, PA, USA). Urinary creatinine measurement was conducted by Jaffe's reaction (Creatinine Companion; Exocell). During all the procedures, we followed the manufacturer's instructions. Using these parameters, the urinary albumin:creatinine ratio (UACR) was calculated.
Blood examination
Blood samples were collected when the mice were 19 weeks old. Serum was separated by centrifugation. Creatinine was measured by an enzymatic method (L-Type Wako CRE Á M; Wako, Tokyo, Japan). Sodium was determined by an ion-selective electrode method.
Statistical analyses
The obtained data were statistically analysed using JMP Pro 12 (SAS Institute, Cary, NC, USA). Student's t-test was selected for normal distributions. The Mann-Whitney U-test was used for non-normal distributions. Analysis of variance (ANOVA) was conducted for comparisons between three groups. P < 0.05 was considered significant.
R E S U L T S
Knockout of Extl3 in podocytes resulted in the reduction of HS in the GBM Electrophoretic analysis of PCR products showed that the band of the Extl3 flx/flx sequence had a size of 303 bp and the Npsh1-Cre transgene was detected at a size of 228 bp (Figure 1) . The concurrent existence of these genes was assumed to cause podocyte-specific knockout of Extl3. The histological difference between 16-week-old Extl3KO and the control mice was not prominent (Figure 2A ). The glomeruli from both lines were normal in size and no mesangial abnormality was detected. Moreover, tubulointerstitial lesions such as tubular atrophy were <1% in both and did not increase with age (Supplementary data, Figure S1 ). As expected, Cre recombinase was localized in the podocytes of Extl3KO but not in those of the controls ( Figure 2B ). The immunofluorescent staining using HS4C3 antibody showed that the average brightness of the glomeruli was significantly higher in the control mice than in the Extl3KO mice ( Figure 2C and D) . The glomeruli, especially the GBM areas of Extl3KO, were poorly stained by the antibody ( Figure 2C ). These findings demonstrated that the conditional knockout of Extl3 in podocytes led to the reduction of HS in the GBM. We also investigated whether the expression of chondroitin sulphate in the glomeruli was increased as a possible compensatory mechanism. The immunofluorescent staining with CS-56 antibody showed no differences between the Extl3KO mice and the controls (Supplementary data, Figure S2A and B). Chondroitin sulphate was mainly expressed in the mesangial areas.
Electron microscopic analysis demonstrated morphological changes in Extl3KO
To investigate the morphological details of the glomeruli we also conducted an electron microscopic analysis ( Figure 3A and  B) . Effacements of the foot processes were noticeable in Extl3KO ( Figure 3C ). Additionally, irregularities of the GBM were apparent ( Figure 3D ). Since the thickened portions demonstrated similar electron density compared with the other parts of the GBM, it is less likely that the lesion was composed of accumulated immune complexes.
High-salt diet and DM caused glomerular hypertrophy/ mesangial enlargement
We divided both Extl3KO and control mice into three groups, according to the expected loading intensity on the glomeruli. The intensity was assumed to be mildest in the HP group and highest in the DM group. The intermediary group was HPS. The final body weight was lowest in the DM group (Figure 4A , D and G). Their weight loss was most likely due to the severe DM. No increase in the blood glucose level was seen in either the HP group or the HPS group ( Figure 4B and E). In the DM group, the blood glucose level was continuously high after the injection of STZ ( Figure 4H ). Regarding blood pressure, there were no obvious differences among the HP group, the HPS group and the DM group ( Figure 4C, F and I) . In each group, the parameters did not differ between the Extl3KO mice and the controls. The effects of different loading intensities on Figure 5A-F) . Compared with the HP group, the sizes of the glomeruli were significantly larger in both the HPS group and the DM group ( Figure 5G and H) . Moreover, mesangial expansion was also seen in the HPS group and the DM group ( Figure 5I and J) . These findings suggested that the loading intensity on the glomeruli was much higher in the HPS and DM groups than in the HP group. The Extl3KO did not cause a significant difference. The decrease of serum sodium and creatinine levels in the DM group was most likely due to the increase of circulatory blood volume and glomerular filtration rate ( Figure  6D and E).
Reduction of HS in the GBM did not affect UACR
There was no significant difference in the UACR values between the Extl3KO mice and controls ( Figure 6A-C) .
Additionally, the UACR values were all within the range of microalbuminuria (30-299 mg/g creatinine). These data suggested that the reduction of HS in the GBM did not augment urinary albumin excretion.
D I S C U S S I O N
Urinary protein excretion was not increased by the podocytespecific knockout of Extl3, despite several different loads on the glomeruli. The values of urinary albumin in each group were within the limits of microalbuminuria. To our knowledge, this is the first study to knockout Extl3 in podocytes to investigate the role of HS in the excretion of urinary protein.
HSPG is negatively charged and is abundant in the GBM and endothelial glycocalyx, a mesh-like hydrated structure. Therefore, it has been thought to play a major role in the charge-selective glomerular filtration barrier [26, 27] . However, Chen et al. [15] reported that the knockout of Ext1 in podocytes did not lead to overt proteinuria, consistent with our findings. In their report, the values for urinary albumin were not significantly different, although it was slightly exacerbated with age. Other substances may make a greater contribution to the glomerular charge selectivity. Singh et al. [28] found that the removal of neuraminic acid from cultured glomerular endothelial cell layers led to protein leakage. Neuraminic acid exists in the endothelial glycocalyx and creates a negative charge. Further investigations may be needed to clarify the function of the endothelial glycocalyx.
Another novelty of our study was the use of three glomerular loads combined with HS reduction in the GBM. In chronic human kidney diseases, dietary protein and salt intake are believed to be associated with glomerular hyperfiltration followed by a decrease in kidney function [29, 30] . Diabetic nephropathy coexists with hyperfiltration and microalbuminuria in its early stage and shifts to the overt proteinuric phase [31] . In the current study, weight loss and glomerular hypertrophy accompanied by mesangial expansion were seen in the high-salt diet (HPS and DM) groups. The histological changes of the kidney suggested that the load on glomeruli was higher compared with the HP group. A high-salt diet increased oxidative stress and kidney damage through increases in the glomerular angiotensin-converting enzyme (ACE):ACE2 ratio in a rat uninephrectomy model [32] . In that study, significant weight loss and a urinary volume increase were observed on an 8.2% NaCl diet. Glomerular hypertrophy and mesangial expansion in response to high salt has also been reported [33] . The glomerular filtration rate increases up to 40% after a 4% NaCl diet [34] . Contrary to our expectation, the blood pressure was not elevated significantly in the high-salt diet groups. This is supposedly due to the homeostatic upregulation of nitric oxide production to maintain blood pressure after high salt intake [34, 35] .
In situations like diabetic nephropathy, both the filtration and the reabsorption of albumin in the proximal tubules can increase [36] . Albumin reabsorption is mediated via a peripheral membrane protein called cubilin, although the upper limit remains unknown [37] . However, we believe that it is plausible that a load on glomeruli would cause overt proteinuria beyond the limit of reabsorption if the HS reduction in the GBM were crucial for the charge barrier.
Electron microscopy of the kidney showed differences between the Extl3KO mice and controls. The podocyte-specific Ext1 knockout mice demonstrated similar changes [15] . The bumpy GBM and podocyte effacement could reflect a reduction (or loss in podocytes) of HSPG. Effacement is the most general change in podocytes in response to injury and stress, and it is sometimes accompanied by proteinuria [38] . Despite the electron microscopic similarities to Ext1KO mice, vacuolated tubular cells, which might precede tubular atrophy, were not apparent in aged Extl3KO mice. Additionally, the immunofluorescence with HS4C3 presented a different staining pattern. The expression of HSPG was reduced in the mesangium of Extl3KO mice, whereas it was almost unchanged in Ext1 knockout mice. These findings suggested that the two knockout models were different in nature, although they were similar in concept.
There are a few limitations in our study. First, the follow-up period might be too short for remarkable renal impairments or hypertension to occur in the HPS and DM groups. Second, the declining rate of renal function was not assessed in this study. Third, Nphs1-Cre transgene expression outside the kidney (e.g. pancreas, heart [23] ) might have influenced the basic parameters to a minor extent, although it was quite unlikely to have changed the findings on urinary albumin and renal histology. Of course, the mortality rates were not different between the Extl3KO mice and the controls.
In conclusion, we have demonstrated that a reduction of HS in the GBM resulting from the knockout of Extl3 in podocytes did not increase urinary albumin excretion. Therefore the involvement of HS in the glomerular charge barrier may be small, which is consistent with previous reports. Further studies are needed to clarify the nature of the glomerular charge barrier and the main site of negative charge.
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